Abstract In our monkey model, cortical ARC and BDNF expressions were strongly correlated with spontaneous physical activity. The expressions of ARC and BDNF were inversely correlated with serum CRP levels, suggesting that CRP could be a putative peripheral marker of brain resiliency.
Introduction
A growing body of evidence suggests that mild (Yaffe et al. 2001) , moderate, and vigorous physical activities (Thacker et al. 2008 ) are neuroprotective, decreasing the risk of many brain disorders including ischemic stroke (Hu et al. 2000; Lee and Paffenbarger 1998 ), Alzheimer's disease (Yaffe et al. 2001; Larson et al. 2006) , and Parkinson's disease (PD) (Thacker et al. 2008) . Numerous studies also associate the modern sedentary lifestyle with increased risks for obesity, cardiovascular diseases, type II diabetes (Marwick et al. 2009 ), and depression (Lawlor and Hopker 2001; Vance et al. 2005) .
At the molecular level, exercise is correlated with increased levels of neurotrophic factors [nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), and fibroblast growth factor-2 (FGF-2)], synaptic trafficking genes (syntaxin, synapsin I, and synaptotagmin), and activation of signal transduction pathways (CaMKIId, ERK1/2, and PKC) (Neeper et al. 1996; Molteni et al. 2002; Tong et al. 2001) . In a previous study, we found that both BDNF and activity regulated cytoskeletal-associated protein (ARC) are elevated in mice exposed to enriched environments (Lazarov et al. 2005) , suggesting that activation of the ARC-BDNF pathway might be a critical mediator of neuroprotective events. ARC is an immediate early gene induced by neuronal excitation with a role in activity-dependent synaptic modification (Steward and Worley 2002) , and active behavior in the hippocampus, neocortex, and striatum (Vazdarjanova et al. 2006) .
In contrast, high C-reactive protein (CRP) is associated with increased risk for type II diabetes (Lakka et al. 2005) , hypertension, cardiovascular disease, and ischemic stroke (Stewart et al. 2009 ). It is involved in host defense-related functions, recognizes foreign pathogens and damaged cells, and initiates their elimination by interacting with humoral and cell effector systems in the blood (Stenvinkel 2006) . In healthy individuals, the concentration of CRP in serum is low (Yeh 2004) . As a result of ischemic infarction, CRP binds to phosphocholine expressed on the surface of dead or dying cells to activate complement during the acute phase response (Volanakis and Kaplan 1971; Stenvinkel 2006) , and is increased in the bloodstream in reponse to tissue injury, infection, and other inflammatory stimuli (Futterman and Lemberg 2002) . Furthermore, high CRP enhances ischemic tissue damage in rats (Gill et al. 2004) , indicating that it may be an active contributor to pathophysiological events.
Recently, it has been shown that exercise can also lower CRP in the blood plasma (Rhyu et al. 2003) . This finding, combined with well-established activity-dependent elevation of ARC/BDNF expression in the brain, leads to the hypothesis that there is a relationship between spontaneous physical activity, CRP plasma levels, and ARC/BDNF expression in the brain. To test this hypothesis, we measured and correlated CRP serum levels and brain expressions of ARC and BDNF in 11 rhesus monkeys with various levels of spontaneous activity.
Methods

Experimental animals
All experiments were reviewed and approved by the Animal Care and Use Committee of the Oregon National Primate Research Center. Eleven adult female ovariectomized rhesus monkeys (Macaca mulatta) were housed in individual cages (32 9 24 9 27 or 32 9 34 9 27 in.) in a temperature-controlled room (24 ± 2°C), with lights on between 0700 and 1900 hours. Two and a half years prior to the initiation of this study, these monkeys were ovariectomized and placed on a diet higher in fat than standard monkey chow (35% of calories from fat) to approximate the conditions experienced by many post-menopausal women in the Western world (Williams et al. 2003) . This diet was formulated at the Oregon National Primate Research Center (ONPRC) (Sullivan et al. 2006; Sullivan and Cameron 2010) , following a modification of the recipe developed by Clarkson and colleagues to study dietinduced atherosclerosis (Shadoan et al. 2003; Williams et al. 2003) . Monkeys were subsequently placed on a diet of Purina high protein monkey chow (no. 5045; Ralston Purina, St. Louis, MO), supplemented with fresh fruits and vegetables for 2 months. During the first month, available calories were reduced to 30% as compared to baseline on the higher fat diet, and in the second month, the calorie intake was reduced to 60% as compared to baseline.
In vivo experimental measures
Throughout the study, food intake was measured at every meal, body weight was measured weekly, and activity was measured continuously using omnidirectional Actical accelerometers (Respironics, Phoenix, AZ), attached to a loose-fitting metal collar, via previously published methods (Sullivan et al. 2006; Sullivan and Cameron 2010) . Percent body fat was determined using dual energy X-ray absorptiometry scans (Sullivan et al. 2006; Sullivan and Cameron 2010) .
Collection of brain tissue
Monkeys were deeply anesthetized with ketamine/pentobarbitol, quickly decapitated, and the entire brain was removed from the skull. The brain was then hemi-sected by a midline sagittal cut. The right hemisphere was cut into *5-mm thick coronal blocks, flash-frozen in isopentane over dry ice, and stored at -80°C until use (Volk et al. 2000) .
RNA sample preparation
The motor cortex was identified using anatomical landmarks, and a 2 9 2 mm tissue cube of transcortical gray matter was dissected from the frozen block using surgical tools under RNAse-free conditions. The motor cortex brain material was homogenized and total RNA isolated using TRIzol Ò reagent (Invitrogen, Carlsbad, CA) with RNA quality assessed via analysis on an Agilent 2100 Bioanalyzer. Only samples with an RIN [7.0 were considered for further analysis.
Quantitative real-time PCR cDNA synthesis was performed using two independent reverse transcription reactions for each sample with High Capacity cDNA Archive Kit Ò (Applied Biosystems). For each 100 ll reaction, we used 700 ng of the same total RNA used for microarray analysis. Priming was performed with random hexamers. For each sample, amplified product differences were measured with four independent replicates using SYBR Green chemistry-based detection (Mimmack et al. 2004 ). b-Actin was used as the endogenous reference gene because it has been established as a stable reference gene in the literature (Chen et al. 2001; Arion et al. 2006 Arion et al. , 2007 . Primer sequences for b-actin were 5 0 GAT GTG GAT CAG CAA GCA 3 0 and 5 0 AGA AAG GCT GTA ACG CAA CTA 3 0 , for BDNF 5 0 GAC TGG ACG ACC ACA CTC AAG 3 0 and 5 0 CAA CCT GCT CCA GGC TAA TC 3 0 , and for ARC 5 0 CGC CTG GAG AAG AAT CAG AG 3 0 and 5 0 CTC AGC CGG ATT TGA GGA C 3 0 . The efficiency for each primer set was assessed prior to qPCR measurements, and a primer set was considered valid if its efficiency was [90%. The qPCR reactions were carried out on an ABI Prism 7300 thermal cycler (Applied Biosystems Inc.), quantified using ABI Prism 7300 SDS software (with the auto baseline and auto threshold detection options selected) and statistically analyzed using Pearson correlations.
CRP measurements
CRP was analyzed using serum that drawn immediately prior to termination of the study, after animals had been on a low fat diet for 2 months following a 3-year period on a 35% fat diet. Serum was stored frozen, warmed to make aliquots and then refrozen before use. A quantitative ELISA kit specific for monkey CRP (Alpha Diagnostic international, 96 well) was used to measure serum levels of CRP according to the manufacturer's instructions. Serum aliquots were diluted with the Elisa kit diluent between 1:200 and 1:800 to cover the range of CRP levels in these animals, and run on a single ELISA plate in triplicate. Results shown were based on a 1:400 dilution, as this range best centered the observed levels within the standard curve, but other dilutions did not alter the conclusions drawn. Optical density of the colored reactant was quantified using an Emax Precision Microplate Reader (Molecular Devices) set to 450 nm, measured twice and averaged. A standard curve was generated using known sample concentrations, run on the same ELISA plate in duplicate. Sigma Plot (Systat) was then used to calculate the unknown concentrations of CRP using the standard curve.
Statistical procedures
BDNF, ARC, CRP, and spontaneous activity measurements were correlated using Pearson product-moment correlation coefficient in Microsoft Excel 2007. The significance of the Pearson product-moment correlation coefficient was calculated using t = r/[(H(1-r 2 )/(N-2)]. p values were obtained from the t statistic (Lowry and Richard 2010). As higher values indicate lower absolute transcript expression, to denote meaningful correlations, in Fig. 1b -e, qPCR expression data are plotted as a 1/DC t .
Results
Spontaneous activity levels in the tested monkeys, measured continuously with accelerometers, showed individual variation of more than an order of magnitude, and encompassed a range of 46,717-760,838 counts/day (mean = 398,152 counts/day, SD = 273,011 counts/day) at the beginning of the calorie restriction diet and 46,478-515,105 counts/day (mean = 244,855 counts/day, SD = 161,681 counts/day) at the end of the calorie restriction diet. Activity measurements at the beginning and end of the calorie restriction diet were highly correlated (r = 0.85, p = 0.000379), suggesting that diet was not a crucial factor in defining the relative level of spontaneous activity, and that relative activity level was a stable intrinsic characteristic of monkeys over the investigated time window. The monkeys displayed serum concentrations of CRP in the range of 4.82-26.28 mg/L (mean concentration = 12.47, SD = 7.30) ( Table 1 in Fig. 1a) , while brain expression measurement of BDNF and ARC suggested that both genes were abundantly expressed in the motor cortex, albeit with less individual variability than the CRP and spontaneous activity levels.
As we obtained measurements for continuous variables (spontaneous activity, serum CRP, cortical ARC, and cortical BDNF) to test our hypotheses we cross-correlated the overall data using Pearson product-moment correlation coefficient. As expected from our previously reported findings (Lazarov et al. 2005) , the expressions of ARC and BDNF were correlated in the motor cortex (r = 0.51, p = 0.05) (Fig. 1b) . Furthermore, ARC and BDNF activities were also significantly correlated with spontaneous activity (r = 0.60, p = 0.02 and r = 0.54, p = 0.04, respectively) (Fig. 1c) . In contrast, CRP plasma levels were inversely and significantly correlated with spontaneous activity (r = -0.64, p = 0.01) (Fig. 1d) . Finally, the CRP levels were also strongly and inversely correlated with the motor cortical expressions of ARC and BDNF (r = -0.81, p \ 0.001 and r = -0.80, p \ 0.001, respectively) (Fig. 1e) , raising the possibility of a causal co-regulation between these measurements.
Discussion
This study gave rise to three major findings. First, spontaneous activity in the primate is stable over time and although a monkey's activity level decreases with calorie restriction (Sullivan and Cameron 2010) , their activity level relative to that of other monkeys remains stable. Second, spontaneous activity is positively correlated with ARC and BDNF expressions in the motor cortex of nonhuman primates, and negatively correlated with serum CRP levels. Third, serum CRP levels are strongly and negatively correlated with ARC and BDNF expressions in the motor cortex of non-human primates.
Previous studies in mice, rats, and monkeys show the same general localization of BDNF and ARC to layers II, III, IV, and VI in the cortex (Link et al. 1995; Grinevich et al. 2009; Hofer et al. 1990; Phillips et al. 1990; Zhang et al. 2007) , and both are predominantly expressed in the principal (projection) neurons in the cortex. Thus, we believe that the CRP-correlated cortical expression changes occur in the same population of the projection neurons. Nevertheless, this hypothesis will have to be confirmed in Fig. 1 Correlation of spontaneous activity, serum CRP levels, and BDNF and ARC expressions in motor cortex of 11 rhesus monkeys. a Monkey activity levels were measured in counts/day, CRP in milligrams per liter (mg/L), BDNF and ARC in threshold cycle difference relative to b-actin (DC t ). b Scatter plot of ARC expression (X-axis) and BDNF expression (Y-axis) for the motor cortex of the 11 monkeys included in the study. Solid line trend line. Note the correlation between the expression of these two genes. c X-axis denotes gene expression level measured by qPCR for ARC (blue diamonds) and BDNF (red squares) for the 11 monkeys, while Y-axis represent end of experiment spontaneous activity counts. Solid lines trend lines. Note that both ARC and BDNF expressions are significantly correlated with spontaneous activity in the studied monkeys. d Scatter plot of serum CRP levels (X-axis) versus spontaneous activity (Y-axis). Each symbol represents a single experimental animal. Note the inverse correlation between spontaneous activity and serum CRP levels. e Correlation of serum CRP level and ARC and BDNF expressions in the motor cortex. Figure layout similar to that of c. Note the high inverse correlation between the ARC-CRP and BDNF-CRP measurements the follow up co-localization studies in a different experimental cohort, as our fresh-frozen material is less than which is ideally suited for such experiments.
Activity, CRP, BDNF, and ARC co-regulations raise an important and interesting question: how are peripheral changes in CRP levels in the blood related to the gene expression changes in the motor cortex? Based on the previous literature findings, we believe that this relationship could be causal and related to dynamic changes in brain vascularization: (1) CRP can significantly influence gene expression in the vascular endothelium after 24 h (Wang et al. 2005) , (2) increased levels of CRP can increase infarct in rats and enhance ischemic tissue damage (Gill et al. 2004) , (3) CRP is also increased in the blood plasma in response to tissue injury, infection, and other inflammatory stimuli (Yeh 2004) , (4) CRP causes bloodbrain barrier disruption involving the formation of ROS by the NAD(P)H-oxidase (Kuhlmann et al. 2009 ), (5) brain endothelial cells express higher levels of CRP receptors and have increased vulnerability of brain endothelial cells to CRP following stroke (Kuhlmann et al. 2009 ), (6) MPTP administration increases CRP levels in non-human primates (De Pablos et al. 2009 ), and (7) high CRP is associated with increased risk for type II diabetes (Lakka et al. 2005) , hypertension, cardiovascular disease, and ischemic stroke (Stewart et al. 2009 ). Furthermore, exercise results in the reduction of weight and is associated with improvements in CRP ).
However, we must also acknowledge the possibility that the correlation between peripheral CRP levels and BDNF/ ARC is a result of a more complex, coordinated set of pathophysiological events. This cascade might also involve an insulin-like growth factor (IGF) dependent mechanism: peripheral administration of IGF has also been shown to induce BDNF mRNA expression in the hippocampus and cortex (Carro et al. 2000) . Furthermore, exercise increases IGF1 levels in the brain, and IGF1 blocking antibodies administered before a neural injury results in decreased neuroprotection (Carro et al. 2001) . Thus, one could hypothesize that the activity-induced increase in IGF1 levels leads to upregulation of BDNF/ARC in the hippocampus and cortex.
Finally, our findings and the literature data raise a critical question: do increased peripheral CRP levels increase the chance of an individual to develop neurodegenerative brain diseases? If so, lowering CRP levels in the periphery might be neuroprotective, and this could be assessed in various in vitro and in vivo model systems. Further studies of the activity-CRP-ARC-BDNF relationships and the health of the brain are warranted by our findings, and could lead to important new strategies for early detection of, as well as novel treatments for neurodegenerative disorders.
